Salt Lake City, Utah 84103 lack such striking actin filament displays, they nevertheless exhibit a similar capacity to define zones of actin assembly. Processes such as cell migration depend on the ability of cells to fix sites of actin assembly with The actin cytoskeleton of a eukaryotic cell is critical for a high degree of spatial resolution. For example, for many functions, including cell locomotion, cytokinesis, vectorial cell locomotion of a fibroblast to occur, actin intracellular transport, establishment of cell polarity, and assembly must be focused at the leading edge (Figure the elaboration of cell surface projections that increase 1C), a broad membrane protrusion that is comprised of cell surface area and sense the environment. Arrays a meshwork of actin filaments that are generally oriented of actin filaments must be assembled within cells in a with their barbed ends directed toward the cell pefashion that is both spatially and temporally controlled riphery. in order to contribute to such a diversity of cellular pro-
is not alone sufficient to stimulate the assembly of bioactin assembly. Deletions in the proline region of ActA slow the rate of bacterial motility, a process that is dichemically purified actin, a number of lines of evidence suggest that it drives actin assembly within the context rectly coupled to actin polymerization, thus there is a functional link between the proline-rich region and actin of eukaryotic cytoplasm. For example, when ActA bearing a C-terminal CAAX sequence that signals farnesylaassembly. The mechanism by which the proline-rich domain augments net actin polymerization on the bacterial tion and carboxymethylation is targeted to the inner leaflet of the plasma membrane of uninfected mammasurface is not well understood. Several possibilities relian cells, it induces the elaboration of actin-rich cell main consistent with experimental observations. For exsurface projections (Friederich et al., 1995) . Likewise, ample, this region could act directly or indirectly to entargeting of ActA to the surface of mitochondria stimuhance the nucleation potential of the N-terminal domain lates organelle-associated actin assembly (Pistor et al., of ActA, could stimulate actin filament elongation by 1994), and the expression of ActA by a nonpathogenic promoting filament uncapping or monomer addition, or bacterium is sufficient to promote comet tail formation could somehow enhance local levels of polymerization- (Kocks et al., 1995) . Because of the ability of ActA to competent monomer. Reconstitution of ActA-depeninteract so productively with host factors involved in dent actin assembly with purified components will be actin assembly, it has been speculated that ActA is a molecular mimic of a mammalian protein or proteins that play central roles in the process of actin assembly. Thus, understanding precisely how ActA works is likely to provide substantial insight into how cells define sites of actin assembly.
Recently, much progress has been made toward determining the role of the ActA protein and its relationship to the endogenous cellular machinery involved in actin assembly. The functional domains of the ActA protein have been defined by mutagenesis (Figure 2 of the comet tail but is not in itself sufficient to trigger necessary to distinguish among these (and other) possiit is pleasing that the domain of ActA that was found to synergize with Arp2/3 to nucleate actin assembly in vitro bilities.
It is clear that ActA requires the cooperation of several maps to the N terminus of the protein, the same region of ActA that has been shown to be essential for nuclehost factors to stimulate actin polymerization. One interesting view is that the ActA protein represents a hybrid ation of actin assembly on the surface of the bacterium within the cytoplasm of a mammalian cell. protein that exhibits functions found in multiple eukaryotic proteins; noncovalent association of these cellular
The precise mechanism by which the Arp2/3 complex stimulates actin assembly is not understood. Although proteins would reconstitute full "ActA activity" and provide a cellular machine to regulate actin assembly. The ability of the Arp2/3 complex to cap the pointed Reconstitution of actin assembly and Listeria motility in ends of actin filaments may help to explain why Arp2/3 is cytoplasmic extracts has led to the identification of host found throughout the actin comet tail of a motile Listeria, proteins that collaborate with ActA to promote actin rather than just at the site of actin growth near the bacteassembly in vivo. Using human platelet extracts to suprial surface. Many of the actin filaments found in the port ActA-dependent actin assembly on the surface of Listeria comet tail are short relative to the length of the Listeria, Welch and colleagues showed that a complex tail. If short actin filaments nucleated by Arp2/3 in close of proteins called the Arp2/3 complex is both necessary proximity to ActA were subsequently released with an and sufficient for ActA's ability to provide a focus for Arp2/3 cap, the Arp2/3 complex might persist in the actin assembly ( role for Arp2/3 proteins in lamellipodial cytoarchitecture.
Because of the presence of two actin-related proteins
The illustration that Arp2/3 and ActA cooperate to in the Arp2/3 complex, it was postulated that the Arp2/3 stimulate actin nucleation suggests that one way to concomplex might stimulate actin assembly by mimicking trol actin assembly would be to control the access of the structure of an actin nucleus or free filament end these two components to each other. Localization of . However, in recent biochemical the Arp2/3 complex, its cellular activator(s), or both to studies of Acanthamoeba and human Arp2/3, the comspecific cellular sites is likely to be critical for defining plex failed to reduce significantly the rate-limiting step fertile zones for actin assembly in uninfected cells as for actin assembly (Mullins et al., 1998a; Welch et al., well. Identification of the endogenous cellular factors 1998); thus, it does not appear to act as a preformed that cooperate with the Arp2/3 complex to nucleate actin nucleus for actin assembly, at least not on its own. The polymerization will surely provide substantial insight into fact that the Arp2/3 complex is an inefficient nucleator how actin assembly sites are generated within cells. of actin assembly when it is in a highly purified form provides a potentially powerful mechanism for a cell to control its activity by regulating the availability and/or ActA Domains that Accelerate Actin Assembly: Relationship to Zyxin and Vinculin localization of essential cofactors. In a Listeria-infected cell, the ActA protein on the bacterial surface appears Examination of the region of ActA involved in acceleration of actin polymerization has also provided insight to function as the cofactor that stimulates the nucleating activity of Arp2/3 (Welch et al., 1998) repeats, is sufficient to induce actin assembly and reordisplays four proline-rich repeats and VASP is a tetramer ganization when positioned proximal to the plasma with numerous potential profilin-binding sites; therefore, membrane; however, it has not been directly demonif all VASP-binding and profilin-binding sites were fully strated that the proline-rich repeats themselves are necoccupied, a dramatic increase in local profilin-actin levessary for this activity. els could be achieved. This view is appealing in its simAs noted above, productive actin assembly requires plicity, but it is not clear how the accumulation of prothe presence of actin nuclei or free filament ends and the filin-actin bound to Ena/VASP family members might ability to elongate the filaments by addition of monomer. contribute to enhancing local levels of soluble profilinExamination of zyxin's binding partner repertoire may actin pools that would be available to participate in actin provide some insight into how zyxin could trigger actin filament elongation. Moreover, the very role of profilin assembly (Figure 3) . The proline region of zyxin that has in the assembly of the Listeria tail remains controversial, the capacity to stimulate actin assembly at the inner since depletion of profilin has not consistently abolished surface of the plasma membrane has three known bindcomet tail assembly (Theriot et dock Ena at particular subcellular locations in order to Rho family members, including Rho, Rac, and Cdc42, stimulate the local actin assembly necessary for nerve have well-established roles in the control of actin assemcell migration during development. Indeed, mutant Ena bly and organization, regulating such actin-dependent protein that lacks zyxin binding capacity in vitro fails to processes as adhesion, ruffling, and filopod formation. localize appropriately when expressed in mammalian It is of particular interest that activation of certain Rho cells (Ahern-Djamali et al., 1998). As was described family members can, among other things, enhance the above for Listeria ActA, binding of Ena/VASP proteins production of phosphatidyl inositol (4,5) bisphosphate to zyxin could facilitate the recruitment of profilin-actin (PIP 2 ). Phosphoinositides have been shown to be critical complexes to sites where assembly-competent barbed for membrane-associated actin assembly in Xenopus filament ends are concentrated. Within the mammalian extracts (Ma et al., 1998), and they could contribute to cytoplasm, there may be some mechanism for controlthe regulation of actin assembly by inducing the local ling whether Ena/VASP family members recruit profilin, uncapping of actin filaments (Hartwig et al., 1995) or since codistribution of these proteins does not appear by affecting the interaction between profilin and actin to be obligatory at steady state. (Lassing and Lindberg, 1985) .
A third group of zyxin-binding partners is the Ena/ Coordinating Actin Assembly VASP family. Recent genetic studies suggest that the with Information Input ability of Ena/VASP family members to associate with In a migrating cell, the actin assembly machinery must zyxin is essential to their function. The Ena protein is be exquisitely sensitive to cues from the environment. required for nervous system development in Drosophila Indeed, cell binding to extracellular matrix molecules and is thought to be important for nerve cell migration can stimulate cell locomotion, and disrupted expression and fasciculation. Characterization of the genetic defect of a major extracellular matrix receptor subunit, ␤1 intepresent in a lethal ena allele has revealed a point mutagrin, results in decreased cell migration by embryonic tion resulting in a single conservative amino acid substitution that obliterates the protein's ability to bind zyxin stem cells and neuroblasts ( of its craft has provided substantial insights into how
